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In Brief
Steinhorst et al. report new insights into
the role of vacuolar signaling in the
control of polarized cell growth.
Specifically, they show that the two
closely related tonoplast-localized Ca2+
sensor proteins CBL2 and CBL3 and their
interacting kinase CIPK12 function as
crucial regulators of vacuolar dynamics
and polarized pollen tube growth.
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Polarized tip growth is a fundamental process of
specialized eukaryotic cells like neuronal axons,
fungal hyphae, and plant root hairs and pollen
tubes. In pollen tubes, a tip-focused oscillating
Ca2+ gradient governs ions fluxes, vesicle trans-
port, and cytoskeleton dynamics to ensure proper
polarized cell growth [1, 2]. While a crucial role of
vacuolar Ca2+ signaling is established for cellular
movements like guard cell dynamics [3–5], its
contribution to polarized growth remains to be
defined. Here we identified the two closely related
tonoplast-localized Ca2+-sensor proteins CBL2
and CBL3 as crucial regulators of vacuolar
dynamics and polarized pollen tube growth. Over-
expression of CBL2 or CBL3 in Arabidopsis and to-
bacco pollen tubes affected vacuolar morphology,
pollen germination, and tube growth, but did not
alter actin organization, PI(4,5)P2 distribution,
or tip-focused Ca2+ oscillations. Similarly, loss of
function of each single Ca2+ sensor and cbl2/cbl3
double mutants exhibited impaired pollen tube
growth in vitro and in vivo. Both Ca2+ sensors inter-
acted with the kinase CIPK12, which translocated
from the cytoplasm to the vacuolar membrane
upon this interaction. Also, overexpression of
CIPK12 induced severe vacuolar phenotypes, and
loss of function of CIPK12 lead to impairment of
polar growth. Remarkably, co-expression of CBL2
or CBL3 with CIPK12 resulted in a phosphoryla-
tion-dependent, massively enhanced vacuolar
inflation and further disruption of polar growth.
Together, these findings identify an essential role
of the vacuole and vacuolar Ca2+ signaling for
polarized tip growth. We propose that a faithfully
balanced activity of Ca2+-activated CBL2/3-
CIPK12 complexes fulfills fundamental functions
to enable the fast growth of pollen tubes in higher
plants.Current Biology 25, 14RESULTS AND DISCUSSION
CBL2 andCBL3PlayCritical Roles in PollenGermination
and Tube Growth
Highly dynamic tip-focused oscillations of Ca2+, protons, and
other ions are fundamental for polarized pollen tube growth [2,
6, 7]. The role of plasma membrane related processes in Ca2+
signaling during polar growth has been extensively studied, while
a potential contribution of Ca2+-regulated processes at the vac-
uole remains to be elucidated [1, 8]. In Arabidopsis, ten calci-
neurin B-like proteins (CBLs) interacting with a subset of 26
CBL interacting protein kinases (CIPKs) fulfill critical functions
in decoding Ca2+ signals [9–14]. The CBL-CIPK network simulta-
neously contributes to decodingCa2+ signals that emanate either
fromplasmamembrane influxor vacuolar releaseofCa2+ [15, 16].
To identify vacuolar Ca2+-signal-decoding components func-
tioning in pollen, we searched published data [17] and identified
the two closely related (92%amino acid identity) tonoplast-local-
ized Ca2+ sensors CBL2 and CBL3 [18, 19] as being significantly
expressed in pollen andpollen tubes,withCBL3 exhibiting higher
expression than CBL2 (Figures S1A and S1B). This expression
pattern was confirmed by analyses of promoter-uidA fusions
in stably transformed Arabidopsis plants (Figure 1A). Transient
overexpression of CBL2- and CBL3-mCherry in tobacco pollen
tubes confirmed tonoplast-localization of both proteins and re-
sulted in inflated vacuoles and swollen pollen tubeswith reduced
length (Figure 1B). Mutation of CBL3 palmitoylation sites which
are required for CBL3 tonoplast targeting [18] abolished this
phenotype (Figure 1B). Importantly, overexpression of the Ca2+
sensor CBL7 did not affect pollen tube growth, indicating
CBL2/3 specificity of the observed phenotypes (Figure S1D).
To further genetically dissect the function of both proteins, we
used recently characterized single and double mutants [19].
Since one of the double-mutant combinations still exhibited
15% residual CBL2 full-length transcript, it was named cbl2/3rf
(reduction of function), while a complete loss-of-function double
mutant was designated cbl2/3lf [19]. In addition, we generated
overexpression lines for CBL2 (CBL2oex) and CBL3 (CBL3oex)
(Figure S1C). In vitro pollen germination assays revealed a more
pronounced reduction of germination rate for cbl3 (8.840%)
than for cbl2 (19.70%) (Figure 1C). Compared to Col-
0 (28.65%), cbl2/3lf exhibited a stronger reduction of germination
rate (3.788%) than cbl2/3rf (17.28%). Also, a dramatic reduction75–1482, June 1, 2015 ª2015 Elsevier Ltd All rights reserved 1475
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of pollen germination was observed in CBL2oex (8.228%) and
CBL3oex (7.006%) lines. These data suggest that faithfully regu-
lated activity of CBL2 and CBL3 is critical for pollen germination.
Furthermore, compared toCol-0 all lines exhibited a reducedpol-
len tube length in vitro, suggesting that both proteins also func-
tion in this process (Figure S2G). We then performed analyses
of pollen tube growth in vivo using Col-0, cbl2/3rf, and cbl2/3lf
as pollinators (Figure 1D). These analyses demonstrated a
reduced pollen tube growth rate for the cbl2/3rf mutant and a
dramatically reducedgermination rate for the cbl2/3lf mutant pol-
len (Figure 1D). To address the physiological relevance of our
findings for natural fertilization conditions, we performed limited
pollination analyses (Figure 1E). These revealed average seed
sets of 18.39 per silique for Col-0 pollen, 13.64 for cbl2/3rf, and
2.538 for cbl2/3lf, thereby fully corroborating the biological signif-
icanceof our results from the in vitro and in vivo analyses. To eval-
uate the impact of CBL misregulation on vacuolar morphology,
we stained growing Col-0, cbl2/3lf, CBL2oex, and CBL3oex pol-
len tubes with the membrane-permeant vacuolar dye BCECF-
AM [5, 20] (Figure 1F). In Col-0 pollen tubes, we reproducibly
observed continuous vacuolar structures that fully filled and ap-
peared to originate from the pollen grain expanding as filamen-
tous structures into thedistal tube toward the tipwithout reaching
the apical region of the tip. In contrast, in cbl2/3lf and inCBL2oex,
as well as in CBL3oex, we observed altered tonoplast morphol-
ogies. Contrary to Col-0, in cbl2/3lf, the vacuolar structures
were sometimesweaker stained, did not fully fill the grain anddis-
played large invagination-like structures, and did not properly
protrude into the tube. In the pollen tubes of overexpression lines,
the vacuole was fragmented (especially in the tube region) and
appeared to form numerous constrictions that were distributed
into the distal tip region. Together, our results support the conclu-
sion that faithfully balanced expression levels of CBL2 and CBL3
are crucial for pollen germination, pollen tube elongation, and
vacuolar morphology in pollen tubes.
CBL2 andCBL3Recruit Their InteractingKinaseCIPK12
to the Tonoplast and Formation of CBL-CIPK12
Complexes Enhances Vacuolar Pollen Phenotypes
We again searched available expression data [17] and deter-
mined CIPK12 as the by far most strongly expressed CIPK inFigure 1. The Tonoplast-Localized Calcium Sensors CBL2 and CBL3
Altering Their Expression Levels Changes Vacuole Morphology and Im
(A) Histochemical stains of flowers (top), mature pollen (middle), and pollen tubes
promoter fragment.
(B) Confocal images of tobacco pollen tubes expressing CBL2-mCherry (left),
mCherry (CBL3mut-mCherry) (right). Quantification of tube length (top) and width
to CBL3-mCherry (CBL3) and mCherry as a control, is shown. Graphs show mean
differences between pollen tubes expressing mCherry or CBL3-mCherry an
(**p = 0.0039, ***p < 0.0001). Scale bars represent 15 mm.
(C) In vitro Arabidopsis pollen germination analyses of Col-0, cbl2/3rf and cbl2/3
SEM of four biological replicates. A Student’s t test indicates significant differenc
(D) Aniline blue staining of 4-hr in-vivo-germinatedArabidopsisCol-0 (left), cbl2/3rf
200 mm.
(E) Limited pollination assays revealed reduced fertility of cbl2/3rf and cbl2/3lf poll
pollen grains. Numbers of seeds per silique were counted 5–7 days after pollinatio
indicates a significant difference for cbl2/3lf (**p = 0.0013) compared to Col-0.
(F) BCECF-AM staining of vacuoles in in-vitro-germinated Arabidopsis pollen of
CBL3oex). Confocal images of growing tubes were obtained approximately 4 hr
See also Figure S1.
Current Biology 25, 14pollen (Figure S2A). This expression pattern was confirmed by
analysis of Arabidopsis plants expressing the uidA reporter
gene under control of the CIPK12 promoter (Figure S2B).
CIPK12 interacted with both CBL2 and CBL3 in yeast two-hybrid
analyses (Figure S2C) and in BiFC analyses in N. benthamiana
leaves, which revealed tonoplast localization of the Ca2+-
sensor-kinase complexes (Figure S2D). To investigate the inter-
action of the CBLs with CIPK12 in pollen tubes, we pursued an
approach that relied on the co-expression of CBLs and CIPKs,
which were fused to different fluorophores. When we co-ex-
pressed mCherry and mVenus-CIPK12 in tobacco pollen tubes,
we observed a cytoplasmic accumulation of the mVenus-fused
kinase (Figure 2A). This coincided with enlarged vacuoles, as
well as with reduced pollen tube length and increased tip diam-
eter (Figures 2A, 2B, and S2E). All observed phenotypes were
strictly dependent on kinase activity, since transient overexpres-
sion of three different inactive kinase versions of CIPK12 did not
cause any discernable phenotype (Figure 2B). Overexpression of
the related kinase CIPK23 did not noticeably alter pollen tube
growth (Figure S2I), suggesting CIPK12 specificity of the
observed phenotypes. When we co-overexpressed CBL3-
mCherry with mVenus-CIPK12, we observed an effective trans-
location of CIPK12 from the cytoplasm to the tonoplast, which
coincided with further enlargement of vacuoles and formation
of numerous vesicular structures appearing like constrictions
(Figure 2C). These pollen tubes appeared to be further reduced
in length and increased in diameter (Figure S2E). Comparable re-
sults were observed when we co-overexpressed CBL2-mCherry
with mVenus-CIPK12. These findings indicate that CBL2 and
CBL3 efficiently target CIPK12 to the tonoplast and that exces-
sive formation of CBL2/3-CIPK12 complexes has drastic conse-
quences for pollen biology. These enhanced phenotypes upon
overexpression of CBL2/3-CIPK12 complexes depended on ki-
nase activity of CIPK12, since overexpression of CBL3m-Cherry
together with the inactive version mVenus-CIPK12KD1 induced
phenotypes (vacuolar inflation, change in pollen tube length/
diameter) that were similar in extent to the overexpression of
CBL3-mCherry alone (Figures 2D and S2E).
To study the function of CIPK12 in Arabidopsis, we obtained a
cipk12 loss-of-function allele (Figure S2F). Pollen of homozygous
cipk12 plants exhibited a reduction of pollen germination rateAre Crucial for Proper Pollen Germination and Tube Growth, and
pacts Pollen Germination and Tube Elongation
(bottom) expressing the uidA reporter gene driven by a CBL2- or by a CBL3-
CBL3-mCherry (middle), or a mutated non-palmitoylatable CBL3C4,12,18S-
(bottom) of pollen tubes expressing CBL3mut-mCherry (CBL3mut), compared
s ± SD for at least 125 measured tubes. A Student’s t test indicates significant
d between pollen tubes expressing CBL3-mCherry or CBL3mut-mCherry
lf pollen. Germination rates were determined after 4 hr. Graph shows means ±
es in pollen germination rate compared to Col-0 (*p% 0.0130, **p% 0.0075).
(middle), and cbl2/3lf (right) mutant pollen onCol-0 pistils. Scale bars represent
en compared to Col-0 pollen. Emasculated Col-0 pistils were pollinated with 60
n. Graph shows means ± SEM of 13–23 biological replicates. A Student’s t test
Col-0, cbl2/3lf mutant, and CBL2 and CBL3 overexpression lines (CBL2oex,
after germination. Scale bars represent 20 mm.
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and pollen tube length in vitro (Figures 2E and S2G) and in vivo
(Figures 2F and S2H). Together, these analyses identify
CIPK12 as a kinase that is strongly expressed in pollen and func-
tions in pollen germination and tube growth. Moreover, our data
suggest that full biological impact of CIPK12 requires kinase
activity and formation of CBL2/3-CIPK12 complexes at the
tonoplast.
Perturbation of CBL2/3-CIPK12 Complex Function Does
Not Affect Pollen Development, Actin Cytoskeleton
Organization, or Tip-Focused Calcium Oscillations
To investigate whether disruption or overexpression of CBL2/3
or CIPK12 exert pleiotropic effects on pollen development, we
performed DAPI staining, which did not reveal any differences
between the pollen from Col-0, cbl2/3lf, cbl2/3rf, cipk12 mutant
plants and CBL2oex or CBL3oex lines (Figure 3A).
To address whether perturbations of CBL2/3 or CIPK12
function impact on the dynamic organization of the actin cyto-
skeleton, we co-expressed the actin-decorating marker protein
Lifeact-YFP [21] together with either mCherry alone or mCherry
fused to CBL2, CBL3, or CIPK12 in tobacco pollen tubes. We
did not observe any discernable differences in actin cytoskeleton
organization between pollen tubes expressing either mCherry or
CBL2-mCherry, CBL3-mCherry, or CIPK12-mCherry (Figures
3B, 3C, S3A, and S3B). As previously reported for lily and
Arabidopsis pollen [22, 23], in all cases the actin filaments ap-
peared to form highly organized bundles that were prominently
localized in the shaft of the pollen tube and extended into the
subapical tip region. Additionally, we performed phalloidin
stainings to decorate the actin cytoskeleton, which revealed
identical results (Figure S3C). Furthermore, we investigated
whether the spatial concentration of endo-/exocytotic pro-
cesses was affected by CBL overexpression by co-transforming
the RedStar-PLCd1-PH reporter protein, which visualizes PI(4,5)
P2 distribution [24]. This approach revealed a similar accumula-
tion of PI(4,5)P2 at the plasma membrane of the pollen tube tip in
all analyzed samples (Figure S3D).
We next used co-expression of the ratiometric Ca2+ indicator
protein YC3.6 with mCherry, CBL2-mCherry, or CBL3-mCherry
in tobacco pollen tubes to characterize Ca2+ dynamics in these
cells. To this end, the CFP/YFP ratios of growing pollen tubes
were monitored for 18 min (Figures 3D and S3E; Movies S1,
S2, and S3). In all experiments, we observed that pollen tubes
overexpressing CBL2- or CBL3-mCherry were growing slowerFigure 2. CBL2 and CBL3 Recruit CIPK12, a Kinase that Is Required fo
(A) Overexpression of mVenus-CIPK12 in tobacco pollen tubes reveals cytoplas
image of a representative pollen tube expressing mVenus-CIPK12 + mCherry. T
(B) Quantification of tube length (top) and width (bottom) of tobacco pollen t
(CIPK12KD2), or mVenus-CIPK12T184V (CIPK12KD3) compared to mVenus-CIP
least 50 measured tubes.
(C) Co-expression of CBL3-mCherry with mVenus-CIPK12 recruits the kinase to
(D) A kinase-dead version of CIPK12 still interacts with CBL3. A confocal image of
mCherry is shown. The scale bar represents 15 mm.
(E) In vitroArabidopsis pollen germination analyses of Col-0 and cipk12mutant pol
germination for 4 hr. Graphs show means ± SEM of three biological replicates.
(*p = 0.0254) or tube length (*p = 0.0165) compared to Col-0.
(F) Aniline blue staining of 4-hr in-vivo-germinated Arabidopsis Col-0 and cipk12
mutant pollen as compared to Col-0 pollen. Scale bars represent 200 mm.
See also Figure S2.
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S3E). Although we observed some variation of growth speed be-
tween independent experiments, it always remained within the
frame of growth rates that have been reported for tobacco
wild-type pollen tubes [25]. However, we noticed a tendency
that CBL2- or CBL3-overexpressing pollen tubes exhibited
slower growth than the control. Nevertheless, in both mCherry
and CBL2- or CBL3-mCherry-overexpressing pollen tubes, we
observed clearly detectable tip-focused oscillations of Ca2+ con-
centrations (Figures 3C and S3E; Movies S1, S2, and S3).
Although we noticed variations in Ca2+ signal intensity between
individual pollen tubes, we did not ascertain reproducible differ-
ences in the intensity of these Ca2+ oscillations or in the extent to
which theywere reaching backward into the pollen tube between
mCherry and CBL2- or CBL3-mCherry-overexpressing pollen
tubes. We also estimated the oscillation frequency and found
this to be about 1–1.5 Ca2+ peaks per minute both for mCherry
and for CBL2- or CBL3-mCherry-expressing pollen tubes, indi-
cating that despite the differences in growth rate, the frequency
of oscillations was not changed. These data argue against pleio-
tropic, non-specific effects as consequences of CBL2/3 and
CIPK12 misregulation. Moreover, these results suggest that
CBL2/3-CIPK12 complexes function in processes that are at
least in part independent of the tip-focused Ca2+ oscillation.
Therefore, these findings suggest the existence of so far un-
knownCa2+-regulated processes at the vacuole that fulfill funda-
mental functions in pollen tube growth.
Polarized Tip Growth and the Role of Vacuolar Dynamics
Massive bidirectional fluxes of ions and tightly regulated oscilla-
tions of Ca2+, reactive oxygen species, and pH contribute to the
oscillatory growth behavior of pollen tubes, which involves, for
example, cyclic changes of cell-wall rigidity and turgor pressure
[2, 8, 26]. In this regard, a hydrodynamic model has been contro-
versially discussed [27, 28]. If internal cell pressure contributes
to driving pollen tube tip extension, then vacuolar dynamics
might be a possible source of pressure changes. Our observa-
tion that in Col-0 pollen the vacuole occupies a large continuous
volume at the basal shaft of the emerging and growing pollen
tube would be in agreement with such a scenario. Even if this
structure is not crucial for cellular pressure formation, it could
ensure confinement and concentration of tip growth, promoting
exocytotic and ion flux processes to the tip region of the pollen
tube. Consequently, the disturbances of vacuolar morphologyr Full Pollen Fertility, to the Tonoplast
mic localization and induces morphological changes of the vacuole. Confocal
he scale bar represents 15 mm.
ubes expressing mVenus-CIPK12K55I (CIPK12KD1), mVenus-CIPK12T184A
K12 and to a control expressing only mVenus. Graphs show means ± SD for at
the tonoplast and enhances vacuolation. The scale bar represents 15 mm.
a tobacco pollen tube expressing mVenus-CIPK12KD1 (CIPK12K55I) + CBL3-
len. Pollen germination rates (left) and tube lengths (right) were determined after
A Student’s t test indicates significant differences in pollen germination rate
mutant pollen on Col-0 pistils reveals reduced pollen germination of the cipk12
75–1482, June 1, 2015 ª2015 Elsevier Ltd All rights reserved 1479
Figure 3. Overexpression of CBL2, CBL3, or CIPK12 in Tobacco Pollen Tubes Does Not Affect the Organization of the Actin Cytoskeleton or
the Occurrence of Tip-Focused Ca2+ Oscillations
(A) DAPI staining of mature Arabidopsis pollen grains does not reveal differences between cbl2/3lf, cbl2/3rf and cipk12mutant pollen or CBL2oex and CBL3oex
pollen in comparison to Col-0 pollen. Scale bars represent 20 mm.
(B) Co-expression of mCherry with the actin marker Lifeact-YFP in germinating tobacco pollen. Scale bar represents 15 mm.
(C) Co-expression of CBL2-mCherry with the actin marker Lifeact-YFP in germinating tobacco pollen. The scale bar represents 15 mm.
(D) Calcium imaging in transiently transformed tobacco pollen tubes expressing the Ca2+ sensor YC3.6 + CBL2-mCherry (top) and YC3.6 + mCherry as a control
(bottom) reveals that overexpression of CBL2 does not interfere with the formation of the tip-focused Ca2+ gradient and Ca2+ oscillations. False-color coded
kymographs (right) of the growing pollen tubes presented on the left side depict cpVenus/eCFP ratios over a period of 18 min. Scale bars represent 10 mm.
Images in (A)–(C) represent maximum projections of confocal Z stacks. See also Figure S3 and Movies S1 and S2.that we observed upon mutation or overexpression of CBL2/3 or
CIPK12 might affect this potential tip-growth-promoting role of
the vacuole. Therefore, our data suggest that one of the func-
tions of CBL2/3-CIPK12 complexes in tip growth might be the
regulation of vacuolar enlargement. In our analyses, disturbance
of CBL Ca2+-sensor function did not result in detectable effects
on the actin cytoskeleton or PI(4,5)P2 distribution. Moreover, we
did not detect discernable changes of the tip-focused Ca2+ os-
cillations. The latter finding suggests that these oscillations
may represent an autonomous regulatory circuit that functions
largely independent of the vacuole. This finding also points to
so far not considered Ca2+-regulated processes at the vacuole
that are important for polar growth. In this way, the tip-focused
Ca2+ oscillations alone would not be sufficient to sustain the
normal growth speed of pollen tubes since the latter would
require a contribution resulting from these Ca2+-regulated pro-
cesses at the vacuole.1480 Current Biology 25, 1475–1482, June 1, 2015 ª2015 Elsevier LtPlant guard cells represent another cell type exhibiting
dramatic and reversible changes in cell volume that are accom-
panied by remodeling of vacuole morphology that requires effi-
cient K+ fluxes through the tonoplast [5]. It is therefore tempting
to speculate that CBL2/3-CIPK12 complexes may regulate the
dynamics of ion fluxes via the tonoplast [19, 29] in pollen and
pollen tubes to enable proper polar growth. However, this hy-
pothesis does not exclude that CBL2/3-CIPK12 complexes
may influence vacuolar membrane properties or biogenesis
directly.
In our analyses, both overexpression and loss of function of
either CBL2/3 or CIPK12 often resulted in similar phenotypes.
This suggests that a faithfully balanced activity of CBL-CIPK
complexes is required for proper pollen germination and pollen
tube growth. In this regard, it needs to be considered that over-
expression of single CBLs or CIPKs most likely interferes with
the function of their endogenously expressed interacting CBLsd All rights reserved
Figure 4. Model of CBL2/3-CIPK12 Complex Formation and Func-
tion in Germinating Pollen and Growing Pollen Tubes
Tonoplast-localized CBL2/3-CIPK12 complexes possibly regulate so far un-
known target(s) at the vacuole and thereby impact vacuolar morphology. The
tip-focused, oscillating Ca2+ gradient is indicated by a yellow color gradient.and CIPKs. This makes an exact interpretation of the precise
mode of action during our genetic approaches difficult. How-
ever, the phenotypes that were observed upon overexpression
of CIPK12 strictly relied on kinase activity, indicating an active
role of this protein in causing the observed phenotypes. Simi-
larly, CBL2/3-induced overexpression phenotypes were strictly
dependent on efficient vacuolar targeting. Currently, in the case
of CBL2/3 overexpression, we cannot conclusively distinguish
to which extent these phenotypes may be caused by outcom-
peting endogenous CBLs due to competition for efficient
lipid-modification or, alternatively, by ‘‘over-activation’’ of
CBL-CIPK complexes upon interaction with endogenous
CIPKs. An important observation of our analyses is that the
co-expression of CBL2 or CBL3 with CIPK12 resulted in an
enhancement of the vacuolar phenotype. Importantly, the
co-expression of inactive CIPK12 with CBL3 caused a reduction
of the phenotypes toward intensities that were observed upon
expression of CBL3 alone. Although these results could be
also interpreted as a potential independent function of CBL2/3
and CIPK12 that upon co-overexpression would result in addi-
tive phenotypes, we regard such a scenario as rather unlikely.
Considering that in many published studies efficient CBL-
CIPK complex formation was required for effective phosphory-
lation-mediated regulation of the target proteins [12–14, 30],
we favor the formation of active CBL2/3-CIPK12 complexes
as causative reason for these enhanced phenotypes. We hy-
pothesize that tonoplast-localized proteins represent targets
of CBL2/3-CIPK12 complexes during pollen germination and
pollen tube growth (Figure 4). It will be most interesting to eluci-
date the identity of these proteins in the future. In any case, the
results presented here point to an important role of the vacuole
and vacuolar Ca2+-regulated events during polar growth pro-
cesses that deserve further investigation.
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